Migration of neural crest cells (NCC) is a fundamental developmental process, and test methods to identify interfering toxicants have been developed. By examining cell function endpoints, as in the 'migration-inhibition of NCC (cMINC)' assay, a large number of toxicity mechanisms and protein targets can be covered. However, the key events that lead to the adverse effects of a given chemical or group of related compounds are hard to elucidate. To address this issue, we explored here, whether the establishment of two overlapping structure-activity relationships (SAR)-linking chemical structure on the one hand to a phenotypic test outcome, and on the other hand to a mechanistic endpoint-was useful as strategy to identify relevant toxicity mechanisms. For this purpose, we chose polychlorinated biphenyls (PCB) as a large group of related, but still toxicologically and physicochemically diverse structures. We obtained concentration-dependent data for 26 PCBs in the cMINC assay. Moreover, the test chemicals were evaluated by a new high-content imaging method for their effect on cellular re-distribution of connexin43 and for their capacity to inhibit gap junctions. Non-planar PCBs inhibited NCC migration. The potency (1-10 µM) correlated with the number of ortho-chlorine substituents; non-ortho-chloro (planar) PCBs were non-toxic. The toxicity to NCC partially correlated with gap junction inhibition, while it fully correlated (p < 0.0004) with connexin43 cellular re-distribution. Thus, our double-SAR strategy revealed a mechanistic step tightly linked to NCC toxicity of PCBs. Connexin43 patterns in NCC may be explored as a new endpoint relevant to developmental toxicity screening.
Introduction
Polychlorinated biphenyls (PCB) are environmental contaminants and are developmentally neurotoxic. Prenatal exposure to PCBs has been associated with poorer short-term memory and verbal comprehension as well as a lower IQ (Jacobson and Jacobson 1996; Jacobson et al. 1990 ). Mechanisms of PCB neurotoxicity are not fully understood, but effects on neurotransmitters, hormonal balance and intracellular signaling are discussed (reviewed in Kodavanti 2005; Westerink 2014 ).
We previously reported that PCBs are toxic to a particular fetal cell type, the neural crest cell (NCC). Such NCC arises during early neurodevelopment at the border of the neural plate. After delamination, they migrate to their target site in the body and give rise to a variety of neural and non-neural cell types. By screening diverse environmental contaminants, we found that also several PCBs were among the chemicals that disturb NCC migration at non-cytotoxic concentrations (Dreser et al. 2015; Nyffeler et al. 2017b; Zimmer et al. 2014) . However, at present it is unclear which PCB congeners excert this toxicity and by which mechanism migration-inhibition occurs.
The structure of PCBs consists of a biphenyl skeleton with 1-10 chlorine substitutions, leading to 209 different PCB congeners. They have low electrical, but high thermal conductivity. Therefore, PCBs have been used as dielectric and heat transfer fluids in electrical equipment. They are environmentally stable and due to their high lipophilicity tend to accumulate along the food chain (Henry and DeVito 2003; World Health Organization 2000) .
Although they share important structural features, PCB congeners differ largely in basic toxicokinetic and physicochemical properties like lipophilicity and volatility. In general, higher chlorinated congeners are less absorbed, but also less readily metabolized and excreted, which leads to their accumulation, particularly in tissues with high lipid contents (Henry and DeVito 2003; World Health Organization 2000) .
Moreover, they have different affinities for several cellular receptors. For example, non-ortho chlorinated PCBs tend to be planar, and they share structural similarity with dioxins. Hence, several of them can activate the dioxin receptor (aryl hydrocarbon receptor, AhR) (Safe 1994) . Conversely, orthochlorinated, non-planar PCBs have various other cellular targets, such as ryanodine receptors (RyR) and several nuclear receptors (Al-Salman and Plant 2012; Fritsch and Pessah 2013; Hamers et al. 2011; Pessah et al. 2006; Tabb et al. 2004 ). In addition, other cellular functions have been shown to be impaired by PCBs, for example, dopamine uptake and binding of dopamine to its receptor (Mariussen et al. 2001; Wigestrand et al. 2013) .
Several groups have reported that PCBs inhibit gap junction intercellular communication (GJIC) and dislocalize the corresponding proteins in several cell types (Bager et al. 1994 (Bager et al. , 1997a Brevini et al. 2004; Hamers et al. 2011; Hemming et al. 1991; Kang et al. 1996; Kato et al. 1998; Machala et al. 2003; Simeckova et al. 2009 ). Gap junctions (GJ) are intercellular channels consisting of conniving oligomers. Each cell forms a connexon consisting of six connexin proteins. Upon connection of two connexons from two neighboring cells, a GJ is formed and small molecules up to 1.2 kDa can be exchanged (Schalper et al. 2014) .
Most cells express several connexins, and the connexin pattern differs profoundly among cell types. These proteins seem to be particularly important in developmental processes, such as neuronal migration (Cina et al. 2009; Elias et al. 2007; Fushiki et al. 2003; Wiencken-Barger et al. 2007 ). In addition, NCC express high levels of connexin43 (Cx43, GJA1) and display it on the cell surface (Boot et al. 2006; Huang et al. 1998; Li et al. 2007; Ruangvoravat and Lo 1992) . Knock-down or knock-out of Cx43 reduces NCC migration (Huang et al. 1998; Xu et al. 2006) . The deficiency of Cx43 can lead to conotruncal heart malformations and delayed development of craniofacial osteoblasts. In both cases, NCC dysfunction plays a role, as the underlying developmental processes heavily rely on NCC (Huang et al. 1998; Lecanda et al. 2000) . Knowing this, it is surprising that most studies so far have not found a connection between NCC migration and GJ functioning. It has been argued that GJ-independent functions of connexins are essential for NCC (Francis et al. 2011; Xu et al. 2001 Xu et al. , 2006 .
Although the connection of PCBs and GJ is well established, and the role of GJ in migration is well-known, the effects of PCBs on normal cell migration (different from tumor invasion) have not been considered. In the present study, we investigate the mechanism of PCB-induced migration-inhibition of NCC, as example of a non-transformed cell type. We applied here considerations of the adverse outcome pathway (AOP) concept (Leist et al. 2017) to identify a molecular initiation event (MIE) or a key event (KE) of toxicity. We asked whether the approach of multiple structureactivity-relationship (SAR) comparisons would be a new general approach in modern toxicology to identify MIE/KE of AOP. As PCBs have many cellular targets, it is difficult to find the MIE that leads to migration-inhibition. To help finding the mechanism, we made use of SAR considerations. For this purpose, a set of chemically variable PCBs were tested for their effects on NCC migration. We then overlayed the resulting SAR to existing SARs to reduce the number of possible targets. We identified GJIC as a potential cellular target, and we subsequently showed that PCBs disturbing NCC migration also interfere with Cx43 localization.
Materials and methods

NCC differentiation
NCC were differentiated from H9 (WA09; WiCell, Wisconsin) human embryonic stem cells (hESC) modified to express GFP under the control of the Dll1 promotor (H9-Dll1; provided by M. Tomishima, Memorial Sloan Kettering Cancer Centre, New York, NY, USA) as described earlier (Zimmer et al. 2012) . Import of the hESC and all experiments utilizing them were carried out according to German legislation and under the license of the Robert-Koch Institute (license number 1710-79-1-4-27) .
Differentiation to NCC was performed exactly as described earlier (Nyffeler et al. 2017b; Zimmer et al. 2012) . Briefly, the protocol involves differentiation of hESC to rosettes, manual picking of rosettes and FACSsorting for positive expression of the NCC marker HNK-1 and negative expression of Dll1. The sorted cells were expanded in N2-S medium, consisting of DMEM/F12 (Gibco) and supplemented with 100 µg/ml apotransferrin, 25 µg/ml insulin, 8.6 mM glucose, 100 μM putrescine, 30 nM selenite, 20 nM progesterone (all purchased from Sigma-Aldrich), 1× GlutaMax and 1% penicillin/streptomycin (both from Gibco), 20 ng/ml epidermal growth factor (EGF) and 20 ng/ml fibroblast growth factor (FGF) 2 (both from R&D). After 27-30 days, cells were cryopreserved until further use. For all experiments, freshly thawed NCC were used and cultured on poly-L-ornithine/ fibronectin/laminin coated plates in N2-S medium supplemented with 20 ng/ml EGF and 20 ng/ml FGF2.
NCC migration assay ('cMINC')
The NCC migration assay was performed exactly as described in Nyffeler et al. (2017b) . Briefly, cells were seeded (95,000 cells/cm 2 ) in poly-l-ornithine/fibronectin/ laminin coated 96-well plates containing silicon stoppers (Platypus Technologies, Madison, WI, US) to create a circular cell-free area. One day after seeding, stoppers were removed to initiate migration and medium was refreshed. After 24 h, test compounds were added (in general as 5× concentrate relative to the final test concentration), and after additional 24 h of incubation, migration and viability was measured. For each biological replicate, four technical replicates were performed. For testing of protecting inhibitors, inhibitors were added as 10× concentrate relative to the final test concentration for 1 h, before PCBs were added as 10× concentrate for 24 h. A list of the tested PCBs and inhibitors is given in the Supporting Information.
Image acquisition was performed exactly as described in Nyffeler et al. (2017b) by staining with H-33342 and calcein-AM and imaging with a high-content imaging microscope (Cellomics ArrayScanVTI, Thermo Fischer). Viability was defined as the number of H-33342 and calcein double-positive cells, as determined by an automated algorithm described earlier (Krug et al. 2013; Stiegler et al. 2011) . For quantification of migration, a software tool (freely accessible at http://invitrotox.uni-konstanz.de/) was developed to estimate the most likely position of the previously cell-free area (covered by the silicon stopper), to set thresholds for color intensity for both dyes, and to count the number of H-33342 and calcein double-positive cells in the region of interest. If not mentioned otherwise, viability and migration were normalized to untreated or solvent control (0.1% DMSO). In a typical experiment, 2000-2500 viable cells were counted for the control and 150-300 migrated cells were in the region of interest. Concentration-response curves from averaged data (n = 3 experiments) were fitted using R (R Core Team 2015) and the package 'drc' (Ritz and Streibig 2005) to a log-logistic function with four parameters as described in Nyffeler et al. (2017a) . Effective concentration (EC) values of the fitted curves were estimated (EC90 of viability and EC50 of migration) and the amount of migration at the EC90 of viability was estimated. If the EC90 of viability was above the highest tested concentration, the extent of migration at the highest tested concentration was used instead.
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Time-lapse experiment and cell tracking Cells were seeded under standard cMINC conditions and imaged during the 24-h treatment period as described in Nyffeler et al. (2017a) . Live cell imaging was performed using an Axio Observer.Z1 microscope (Zeiss, Oberkochen, Germany) equipped with an Axiocam MRm camera and an incubation system (37 °C, 5% CO 2 ). Phase contrast images of the migration zone were acquired every 10 min using a 5× objective. After the time-lapse, migration and viability were determined as described in the 'NCC migration assay' section to ensure that the toxicants worked as under standard cMINC conditions with exposure in a standard incubator. Cells were manually tracked using the ImageJ plugin 'Manual Tracking' in reverse time. Cells were selected for tracking if they were; (1) viable (i.e., not rounded up) at the end of the time-lapse, (2) located in the circular migration zone at the end of the time-lapse and (3) trackable for the entire time-lapse (i.e., did not leave the imaging frame). For each biological replicate, ten individual cells were tracked per condition (and 20-30 cells for the untreated control). The cumulated distance of each cell was normalized to the median of the untreated control population. Statistical significance of differences between treated and non-treated conditions was calculated on the combined data of two biological replicates using a two-sided Wilcoxon rank sum test.
Transwell migration assay
The transwell inserts (pore size 8 µm, polycarbonate membrane, Corning, catalog no. 3422) were pre-coated with poly-l-ornithine/fibronectin/laminin. Cells (100 µl) were seeded at a density of 50,000 cells per insert (150,000 cells/ cm 2 ) into the upper chamber. After 1 h, test compounds were added as 5× concentrate (25 µl) to the upper chamber and 600 µl as 1× concentrate to the lower chamber. After 3 h, cells were stimulated to migrate through the membrane by addition of fetal bovine serum (FBS) to the lower chamber (final conc. 5%). The cells were incubated for 6 h at 37 °C and 5% CO 2 and allowed to migrate. After incubation, the medium was aspirated from inserts and reservoirs and then the upper side of each insert was gently swabbed, using cotton swabs, to remove cells that had not migrated through the membrane. Reservoirs and inserts were washed once with phosphate buffered saline (PBS) and then the migrated cells were fixed with 3.7% formaldehyde and stained with crystal violet for 10 min. Then, the inserts were thoroughly rinsed with water and dried for at least 24 h. To evaluate the number of migrated cells through the membrane, five pictures per condition were taken under the light microscope. In a typical experiment, stimulation with FBS led to ca. 100 migrated cells per picture. The number of migrated cells for all data displays was normalized to that of cells stimulated only with FBS in the absence of toxicants. Data are from ≥ 3 independent experiments. In each experiment, there were two technical replicates (transwell inserts) for the control and one for treatment condition. Data for each technical replicate are based on five imaging fields.
Assessment of migration in various cell types
The human breast adenocarcinoma cell line MDA-MB-231 and the murine fibroblast cell line NIH-3T3 were maintained in DMEM with 4.5 g/l glucose and Glutamax (Gibco) supplemented with 10% FBS and 1% penicillin/streptomycin. For assessment of migration, cells were seeded (63,000 cells/cm 2 ) into 96-well plates containing silicon stoppers. One day after seeding, stoppers were removed to initiate migration, and medium was refreshed. Toxicants were added as 5× concentrate (in 20% of the final culture volume), and cells were allowed to migrate for 24 h before migration and viability were assessed as described in 'NCC migration assay'. Cytochalasin D (CytoD), an actin polymerization inhibitor, was used as a positive control to ensure that the conditions allowed to measure inhibition of migration. Two biological experiments were performed with four technical replicates each.
For assessment of PCB cytotoxicity on peripheral bloodderived lymphocytes (PBL), blood donation for research purposes was approved by the local institutional review board, and individual donors gave written consent. Peripheral blood mononuclear cells from healthy donors were enriched by density gradient centrifugation on Ficoll-Paque Plus (Amersham Biosciences). Monocytes were depleted from the cell pool with anti-CD14-conjugated microbeads (Miltenyi). The remaining PBLs were cultured in RPMI-1640 medium supplemented with 2% human AB serum, 1% non-essential amino-acids and 0.5% β-mercaptoethanol (Lonza). They were treated with PCBs or vehicle control (DMSO) for 16-20 h. Cells were harvested and stained with TO-PRO3 ® -3 (ThermoFischer Scientific) to distinguish live from dead cells and quality controlled on an LSRII flow cytometer (BD Biosciences). Chemotaxis of PBL treated with PCBs or vehicle control (DMSO) for 16-20 h was quantified by measurement of migration through a polycarbonate filter of 5 µm pore size in 24-well Transwell ™ chambers (Corning Costar) as previously described . Cell culture medium (600 µl) containing 500 ng/ ml of the chemokine CCL21, or medium alone as a control for spontaneous migration, was added to the lower chamber; 10 6 cells in 100 µl were added to the upper chamber. After 1-h incubation at 37 °C, a 500 µl aliquot of the cells that migrated to the bottom chamber was counted by flow cytometry by acquiring events for a fixed time of 60 s using the Diva software. Specific cell migration was calculated by subtracting the number of cells migrating in the absence of 1 3 chemokines. The number of specifically migrated cells was expressed as percent of input cells and compared to the vehicle control. Viability data are from one biological experiment, whereas chemotaxis experiments were performed with PBLs from three different blood donors.
Quantification of PCB distribution in the well
Three types of samples were produced: (I) PCB (5 µM) in cell culture medium in low-absorbance vessels; (II) solution I in a standard coated cell culture dish; (III) solution I in a coated cell culture dish containing cells. PCB content was measured from conditions II and III after 3 or 24 h. For condition III, cells were cultured exactly as described under 'NCC migration assay' with the exception that no silicon stoppers were introduced. Cells were treated 2 days after seeding with solution I.
PCBs were extracted from the samples by extraction with methyl-, tert-butyl-ether (MTBE). From each sample, 40 µl were transferred into a fresh vial and an equal volume of water containing 0.1% formic acid (Fisher Scientific) was added. The sample was transferred to a supported liquid extraction plate. A positive pressure was applied to load the sample into the plate. MTBE (Fisher Scientific) was added to each well and left to pass through the plate and into a glass insert. The collected sample was dried under nitrogen at 30 °C. Each sample was reconstituted in a volume of MTBE and capped for injection into the gas chromatography-mass spectrometer along with an internal standard (phenanthrene, Sigma-Aldrich). Further analytical details are given in the Supporting Information. To quantify the PCB amount, a serial dilution of solution I was quantified to obtain a calibration curve. PCB content of wells with and without cells was normalized to this calibration sample (considered as 100%). The PCB amount bound to plastic was calculated from the difference I-II. Intracellular PCB amounts were calculated from the difference I-II-III. The experiment was performed three times.
CALUX bioassays for nuclear receptors and stress pathways
The panel of tested cell lines contained the DR CALUX (Garrison et al. 1996) , which is a rat H4IIE liver cell based cell line expressing the dioxin receptor (AhR) endogenously. The other selected cell lines are the ERα CALUX and AR CALUX (Sonneveld et al. 2005) , and the PR CALUX and PXR CALUX (van der Burg et al. 2015, van der Burg in preparation) , all of which are human U2-OS cell lines stably transfected with an expression construct for the human estrogen (ER), androgen (AR), progesterone (PR) or pregnane X (PXR) receptor, and a reporter construct consisting of multimerized responsive elements for the cognate receptor coupled to a minimal promoter element (TATA) and a luciferase gene. The panel was completed with two U2-OS-based singly transfected lines expressing a reporter gene only, designed to selectively measure the activity of the endoplasmic reticulum stress pathway (ESRE CALUX) and the activator protein 1 pathway (AP1 CALUX), respectively (van der Burg et al. 2013) . The Cytotox CALUX, used as a control line for non-specific effects, consisted of human U2-OS cells stably transfected with an expression construct constitutively expressing the luciferase gene, and is described in van der Linden et al. (2014) . Cells were maintained as described previously (Sonneveld et al. 2005) . The automated CALUX assays were carried out as described earlier (van der Burg et al. 2015) . In brief, the assay was performed in assay medium, consisting of DMEM without phenol red indicator (Gibco) supplemented with 5% DCC-stripped FBS, 1 × non-essential amino acids (Gibco) and 10 U/ml penicillin and 10 µg/ ml streptomycin. A cell suspension in assay medium was made of 1 × 10 5 cells/ml, and white 384-wells plates were seeded with 30 µl cell suspension/well. After 24 h, exposure medium was prepared. A dilution series in 0.5log unit increments of each test compound (in DMSO) was added to a 96-well plate containing assay medium. Of this exposure mixture, 30 µl was added to the assay plates containing the CALUX cells. Additionally, DMSO blanks and a full concentration response curve of reference compounds were included on each plate. The final solvent concentration in the well was 1%. All samples were tested in triplicates. The preparation of the compound dilution series as well as the exposure of the cells were performed on a Hamilton Starlet liquid handling robot coupled to a Cytomat incubator. To be able to detect receptor antagonism, the AR-and PR CALUX assays were performed in antagonistic mode. The assay procedure was as described above, with the only exception that the EC50 concentration of the reference agonist was present during the exposure.
After 24 h exposure the exposure medium was removed using an EL406 washer-dispenser (BioTek) and 10 µl/well triton lysis buffer was added by the EL406. Subsequently, the luciferase signal was measured in a luminometer (InfinitePro coupled to a Connect Stacker, both TECAN).
The luminometer data was analyzed as following: the average of the triplicate wells was determined, and the average blank (DMSO) value was subtracted. The maximum response elicited by the reference compound was set to 100% (full receptor-or pathway activation), and the other values were scaled accordingly. Graph Pad Prism was used to fit a sigmoidal curve through the data (four parameters, variable slope). The EC10 concentration was defined as the concentration where the response elicited by the test compound equals 10% of the maximum response of the reference compound. For antagonist experiments, EC20 values were 1 3 determined instead, which were defined as the concentration where the test compound causes 20% inhibition of the basal signal elicited by the receptor agonist which was set to 100%.
Literature research
The literature was searched for structure-activity-relationship studies of PCBs with various cellular targets and key events (KE). Results of PCBs with 4 to 8 chlorine substitutions (e.g., PCB40-PCB205) were considered. Tested PCBs were categorized as active/inactive based on the conclusions in the respective publications. For two publications, we developed our own categorization scheme: for CYP1A1 induction and PXR activation in Al-Salman and Plant (2012), PCBs were considered active if they led to > twofold induction. For human PXR activation in Tabb et al. (2004) , PCBs were considered active if the readout was significantly increased (at the 5% level) or if the fold change was > 5. For PXR antagonism in the same study, PCBs were considered active if Ki was < 9 µM.
Parachute assay to measure gap junctional communication
Cells were seeded (95,000 cells/cm 2 ) in PLO/fibronectin/ laminin coated 24-well plates and cultured under standard cMINC conditions with 600 µl medium/well. After 2 days in culture, treatment was initiated. Four hours before quantification of the assay endpoint, donor cells were labeled. For this, cells kept in parallel under control conditions were stained for 30 min with calcein-AM (533 nM final conc.; Sigma). After two washing steps with pre-warmed PBS, 150 µl HyClone HyQTase (GE Healthcare Life Sciences) was added for 20-30 min at 37 °C to detach the cells. Then, cells were washed [medium (450 µl) was added, cells were centrifuged and supernatants were removed], followed by resuspension in 600 µl of fresh medium. An aliquot (6 µl + 54 µl fresh medium) of this donor population was added to each well with acceptor cells (i.e., various treatment conditions). Under these conditions, the donor:acceptor ratio was about 1:100. Dye-transfer was allowed to occur for a total of 3 h. During the last 30 min, 1 µg/ml H-33342 was added, to label cell nuclei. Imaging was performed on a high-content imaging microscope (Cellomics ArrayScan-VTI, Thermo Fischer) equipped with a Hamamatsu ORCA-ER camera of 1024 × 1024 pixel resolution run at 2 × 2 binning mode. Of each well, 49 fields were imaged using a 5× lens.
The obtained images were exported to TIF format and analyzed using R (R Core Team 2015) and the package 'EBImage' (Pau et al. 2010) . In a first step, the calcein image was normalized, background and gamma corrected.
Donor and acceptor cells were defined based on pixel brightness. A watershed algorithm defined the regions with (parachuted) donor cells and their acceptor area as objects. Objects with donor cells < 60 or > 500 px or with an acceptor area > 3000 px or too low nuclei density (based on the H-33342 channel) were excluded. From the remaining valid objects, the ratio of the area (in px) of acceptor cells and the corresponding donor cell was calculated and compared between treatments. To this end, the values of all untreated controls (usually three wells with 49 pictures each) were pooled and the median calculated. For each treatment well, the percentage of ratios greater than the median of the untreated control was calculated and normalized to the untreated control. Data displayed are from three biological experiments with > 100 valid objects per experiment.
Immunofluorescence staining
For immunocytochemical staining, cells were fixed for 20 min by adding one volume of 4% formaldehyde and 2% sucrose in phosphate buffered saline (PBS) to the medium. For intracellular epitopes, cells were permeabilized for 15 min with 0.1% Triton, followed by blocking with 10% FBS in PBS for 1 h before primary antibodies were applied in 10% FBS in PBS overnight. The next day, cells were washed with 0.05% Tween in PBS and secondary antibodies were applied for 1 h. Cell nuclei were counterstained with 1 µg/ml H-33342 for 10 min. Images were acquired using a laser scanning confocal microscope (Zeiss LSM 700, Zeiss, Oberkochen, Germany) or an Axio Observer.Z1 microscope (Zeiss, Oberkochen, Germany). The list of antibodies and their dilutions can be found in the Supporting Information.
Quantification of connexin43 plaques (Cx43pq)
Cells were seeded (95,000 cells/cm 2 , 315 µl medium/well) in PLO/fibronectin/laminin coated 8-well µ-slides with glass bottom (iBidi, Munich, Germany). After 1 day, medium was refreshed (320 µl). After another day, test compounds were added (80 µl, 5× concentrate; for 0.5-3 h) before cells were fixed and stained for Cx43 as described in 'Immunofluorescence staining'. Images were acquired manually on an Axio Observer.Z1 microscope (Zeiss, Oberkochen, Germany) equipped with an Axiocam MRm camera and appropriate filters using the 20× lens by focusing on the connexin43 plaques (Cx43pq) and imaging H-33342 with an offset of − 8 µm. Exposure time for connexin43 was chosen in a way that the plaques were overexposed, but not other cellular structures. Images were exported to TIF format and analyzed using R (R Core Team 2015) and the package 'EBImage' (Pau et al. 2010) . Images were thresholded to display only pixels with an intensity > 0.8 (on a normalized scale of 0-1), followed by segmentation of the remaining objects. Objects with an area < 10 pixels (px) were counted as connexin43 plaques (Cx43pq). A typical image of a solvent control culture (512 × 512 px; i.e., about 400 µm wide) contained approximately 50 such objects. For each condition, 10-15 images were analyzed, averaged, and normalized to the solvent control. Data displayed are from at least two independent biological experiments.
Data handling and statistics
If not mentioned otherwise, values are expressed as means ± SD from three independent experiments. Independent experiments are here also called 'biological replicates' (Aschner et al. 2017; Leist et al. 2010 ) and they are defined as using different cell preparations (while technical replicates here correspond to different cell culture wells within one experiment). The statistical methods (parametric and non-parametric) were adapted to the questions behind the experiment and are specified in the figure legends. Calculations were done in Excel and R, for data display GraphPad Prism and R were used.
Results
Differential effects of PCBs on NCC migration
Previous studies had shown that some di-ortho chlorinated PCBs can inhibit NCC migration (Dreser et al. 2015; Nyffeler et al. 2017b ). Here we asked whether this was a general feature of PCBs. For this purpose, we chose a di-ortho PCB (PCB180), a mono-ortho (PCB118) and a non-ortho (PCB77) chlorinated congener (Fig. 1a ), and they were tested in three different migration assays.
The first test was a transwell migration assay. Under control condition, NCC migrates towards a chemoattractant stimulus (serum) within 6 h. Upon pre-treatment with PCB118 and PCB180, transwell migration was drastically reduced in a concentration-dependent manner, while PCB77 did not inhibit transwell migration in a similar concentration range (Fig. 1a) . These data suggest that PCBs have differential effects on NCC migration. To confirm the findings by direct observation, the migration speed of single cells was determined by a method as described earlier (Nyffeler et al. 2017a, b) . For this purpose, cells were seeded in 96-well plates containing silicon stoppers that create a circular cell-free area. Upon removal of the stoppers, NCC started to migrate into the cell-free area (Fig. 1b) . PCB118 and PCB180 decreased the traveled distance of single cells (e.g., the average cell speed in 24 h) by approx. 50% (Fig. 1c) . These experiments also showed that the PCB exposure slowed down the cells already after few hours (data not shown), while the non-ortho chlorinated PCB77 did not affect cell speed at any time. Analysis of NCC migration using high-content imaging, and quantification of the number of migrated cells (Nyffeler et al. 2017a, b) confirmed these findings. While PCB77 did not affect migration at concentrations up to 40 µM, PCB118 and PCB180 inhibited migration at low micromolar concentrations and in a concentration-dependent manner that did not affect the number of viable cells (Fig. 1d) . Altogether, these results indicated that not all PCB congeners interfere with NCC migration.
Negligible effects of PCBs on the migration of other cell types
We wondered why the strong effects of PCBs on cell migration had received little attention earlier. Therefore, we investigated whether other migratory cell types would also be affected in a similar way as NCC. For this purpose, a human breast cancer cell line (MDA-MB-231), and mouse embryonic fibroblasts (NIH-3T3) were chosen as well-established models for cell migration. A modified version of the cMINC high-content imaging setup was used to quantify cell migration over a 24-h period. Under these conditions, the positive control cytochalasin D strongly inhibited migration, while PCB118 and PCB180 neither affected migration nor viability (although concentrations up to 25 µM were tested, Fig. 2a ). To follow-up on these negative findings, we chose peripheral blood lymphocytes (PBL) as a primary cell type known to be very motile. The latter cells typically migrate at much higher speed than NCC, and they were therefore tested in a 1 h transwell setup (using the well-established chemokine CCL21; Hauser and Legler 2016). Cells exposed to PCB180 (25 µM) migrated to the same extent as under control conditions, even if they were pre-treated with the toxicant for 20 h (Fig. 2b) .
These results suggest that the migration-inhibitory effect of PCBs is limited to a few cell types. Concerning the effects observed here for NCC, the cell type specificity may be due to the interference of PCBs with a cellular process particularly important for this fetal cell population, but not for general cell migration. Alternatively, PCBs might act by binding to a 'receptor' expressed by NCC, but not by other cell types.
Bioavailability of migration-inhibiting PCBs
PCBs have been used for mechanistic studies in a broad concentration range. An in vivo single digit micromolarity seems to be feasible (Choi et al. 2003; Jensen 1989; Wassermann et al. 1979) , and is considered realistic in recent studies (Pierucci et al. 2017; Ziegler et al. 2017) , while concentrations clearly beyond this limit pose experimental problems (solubility) and may not be toxicologically relevant. We observed here that PCB118 and PCB180 strongly inhibited migration at 5 µM. We were interested in whether this nominal concentration (Groothuis et al. 2015) roughly corresponded to the total concentration of PCB in cell culture medium. Therefore, the PCB contents in the different compartments of a culture dish (in the cell supernatant, bound to plastic and intracellular) were assessed by chemical analysis. To this end, cells were incubated with 5 µM PCB for 3 or 24 h. It became apparent, that after 3 h, 25-50% of PCB bound to the cell culture dish plastic (Fig. 3) . This fraction increases to around 75% after 24 h. This means that the available PCB concentration was 25-75% of the nominal concentration, i.e., about 1.2-3.8 µM, when 5 µM were tested. Additionally to PCB118 and PCB180, several non-ortho, mono-ortho, di-ortho and tri-ortho PCBs were tested for their binding to cell culture dishes. After 3-h incubation, about 60% of PCB (PCB 126, 169, 95, 132, 110, 153, 167) bound to the cell culture dish plastic. The fraction bound to plastic was similar for all tested PCBs, and therefore the real available PCB concentration in the cell culture medium was about 2 µM instead of the nominal concentration of 5 µM. Some PCB may have accumulated also in the cells. However, this was less than 10% of the total amount (and associated with a large variance). It could therefore not be exactly quantified. In conclusion, the cells were exposed to extracellular PCB concentrations lower than the nominal concentrations, but still within the same order of magnitude. Since plastic adsorption played an important role, these data suggest that experimental standardization (e.g., consistent conditions, culture ware, etc.) was highly important for our study.
Investigation of important cell functions as potential targets of PCBs
One explanation for apparently specific inhibition of NCC by PCBs could be that these cells are particularly sensitive to PCB toxicity. Although we found that general viability measures were not affected at concentrations that inhibited migration, some more subtle effects may have remained undetected. A cell function that is possibly more important for migration (in the time frame of the cMINC assay) than for overall viability is the correct and efficient production and intracellular transport of proteins (especially to and from the cell membrane). Glycosylation of proteins is a critical function of the biosynthetic-secretory pathway that may be used as functional readout (Arvan et al. 2002; Ferris et al. 2014) . Therefore, we investigated whether PCBs affected this cell biological process. For the measurement, we used a well-established method from the field of metabolic glycoengineering (Prescher and Bertozzi 2005) : we fed cells with a modified sugar precursor, and subsequently quantified how efficient this chemical biological tool was incorporated as sialic acid into the pool of membrane glycoproteins (Du et al. 2009; Kang et al. 2015; Niederwieser et al. 2013) . The assay had a large dynamic range for NCC, and use of positive controls (tunicamycin and brefeldin A, known inhibitors of the N-glycosylation pathway) showed a very pronounced inhibition of the assay endpoint, independent of overt cytotoxicity (Fig. S1 ). None of the tested PCBs (PCB118 and PCB180) affected the display of the metabolized and incorporated sugar (sialic acid) on the plasma membrane (Fig.  S1 ). Thus, many complex cellular processes, requiring Golgi functioning, protein trafficking and glycoprotein synthesis, seemed to be unaffected by exposure to PCB.
As an additional approach, the cellular status was examined by microscopy and by quantification of gene Fig. 1 Different effects of polychlorinated biphenyls (PCBs) on neural crest cell migration. a The chemical structures of the tested PCBs are illustrated with chlorine residues marked in purple (ortho position) and green (meta and para position). PCBs testing in the classical Boyden-type chemotaxis assay. Cells were seeded into transwell inserts (upper assay compartment) and treated 1 h later with the toxicant. At 4 h after plating, cell migration was triggered by addition of 5% fetal bovine serum (FBS) to the lower compartment. At 10 h after plating, migrated cells were fixed, stained and counted. Transwell migration under various experimental conditions is expressed as number of migrated cells relative to the control condition (stimulation with 5% FBS alone). Cytochalasin D (CytoD; 200 nM) was used as positive control for the test. Data are expressed as means ± SD from three independent biological experiments. b Graphical representation of the setup for the cMINC assay and cell tracking: cells were seeded in 96-well plates containing silicone stoppers to create a cellfree circular area. After 1 day, stoppers were removed to allow cells to migrate. PCBs were added after 1 day, and left on cells for further 24 h. Time-lapse video microscopy for cell tracking took place during the 24 h treatment period. For high-content imaging, cells were visualized using H-33342 (nuclear stain) and calcein-AM (viable cells). Cell migration was assessed by counting cell numbers in the central migration zone; cell viability was determined from the same wells using images of the well periphery. The scheme to the right illustrates graphically the assay principle of cell movement into the circular zone during the course of the assay. c Effects of PCBs on individual cell speed. Time-lapse video microscopy was performed during the toxicant exposure and the migration track of individual cells was followed. On the left, representative tracks are visualized for cells treated with 0.1% DMSO (solvent control) or 8 μM PCB180. On the right, data are shown for various PCB treatments. The box represents the first and third quartiles, the black line the median (number given in the rectangle). For each treatment condition, 20 individual cells were tracked and for each cell, the cumulated travelled distance was normalized to the solvent control. Statistical significance of differences between treated and non-treated conditions was calculated using a Wilcoxon rank sum test. Statistical indicators are given below the boxes: *p < 0.05, **p < 0.01, ***p < 0.001. d Effects of PCBs in the high-throughput cMINC assay. Concentration-response curves of the tested PCBs for viability (gray triangles) and migration (colored circles). All values are normalized to untreated control. The horizontal gray dotted lines indicate the 100% value and the threshold for cytotoxicity at 90%, respectively. Data are expressed as means ± SD from three independent biological experiments. Below are representative images of the 'migration zone' (one quarter of the circular zone is shown) after exposure to the tested PCBs. The cell cytoplasm is depicted in green; nuclei of viable cells are depicted in red. The white line indicates the area included for analysis of migration. (Color figure online) ◂ expression. Overall cell morphology and cytoskeletal structure remained within the range of normal variations, and the expression of several differentiation markers (e.g., nestin) remained unchanged upon treatment with PCB180 (10 µM) (Fig. S2A) . Moreover, cadherins and integrins (cell-cell and cell-matrix receptors involved in cell migration), were neither up-nor down-regulated upon PCB180 treatment (Fig.  S2B, C) .
Next, we investigated whether targets of PCBs known from the literature would qualify as candidates for MIE, i.e., whether they were responsible for the adverse outcome in our test (functional impairment of NCC with regards to migration; Fig. 4a ). As PCBs are known to directly interact with the AhR, the RyR, and several nuclear receptors, we tested whether agonists and antagonists of these receptors affected NCC migration. Ligands of the AhR did not show effects in the cMINC assay (Fig. 4b) , even though the receptor appeared to be biologically active (target genes were induced by the dioxin-like non-orthochlorinated PCBs 77, 126 and 169; Fig. S3A ). RyR also had no effect on migration, and the same was true for thyroid receptor (THR) ligands (Fig. 4b) . In a further series of experiments, we investigated whether receptor modulation affected the migration-inhibitory effect of PCB180. Neither AhR, nor RyR or THR modulation blocked the effect of the ortho-chlorinated PCBs (Fig. 4c) . Additionally, several approaches to antagonize retinoic acid receptors failed to show an effect (Fig. 4b, c) . To gain evidence on whether PCBs may act as agonists on retinoic receptors, we compared the regulation of the receptors [which are downstream genes regulated by the retinoic receptor protein complexes (Bagamasbad and Denver 2011) ] to the ones triggered by retinoic acid (RA) itself. While RA showed the expected responses, PCB180 had no effect (Fig. S3B) .
Taken together, these data suggest that neither the AhR nor RyR, THR, and retinoic acid receptors are involved in PCB-induced migration-inhibition of NCC. We therefore developed an alternative strategy to identify potential targets that were affected by PCBs, and that mediated their effect on NCC migration. We reasoned that correlation of effects of a couple of compounds would not be sufficiently defining, given the multiple and complex cellular reactions towards PCBs (problem of overfitting). Therefore, we decided to test a larger number of PCBs, and to determine the SAR of PCBs concerning cMINC outcomes. We planned to compare this SAR with various PCB SARs known from the literature. Comparison of these SAR was expected to help to identify the most likely candidates for cellular processes affected by PCBs and being involved in migration-inhibition (Fig. 4d) . Fig. 2 Effect of PCBs on migration of various other cell types. a MDA-MD-231 (human breast carcinoma) and NIH-3T3 (mouse fibroblast) cells were used in the cMINC format. They were seeded in 96-well plates containing silicone stoppers to create a cell-free circular area. One day after plating, stoppers were removed and cells allowed to migrate in the presence of test compounds for 24 h (followed by live cell staining with H-33342 and calcein-AM and highthroughput imaging). Cell migration (gray bars) was assessed by counting cell numbers in the central migration zone; cell viability (triangles) was determined from the same wells. All values are normalized to untreated control (exposed only to the solvent DMSO). Cytochalasin D (CytoD, 100 nM) was used as positive control. Data are expressed as means ± SD from two independent experiments. b Human peripheral blood lymphocytes (PBLs) were allowed to migrate in response to the chemokine CCL21 in transwell chemotaxis assays. Endpoint measurements different from the cMINC were chosen as PBLs migrate much faster compared to NCC and tumor cells. Viability of the cells was determined by TO-PRO3 ® -3 staining and flow cytometric counting. Migration was defined as the number of cells migrating within 1 h towards the chemokine CCL21 and is expressed relative to solvent control (0.25% DMSO). Data are means ± SD from three cell donors
Structure-activity relationship (SAR) of migration-inhibition by PCBs
We assembled a set of 26 PCB congeners, containing 4-8 chlorine substitutions and 0-4 ortho-chlorines. For all PCBs, the cMINC assay was run to generate concentration-response curves (Fig. S4, 5 ). The number of orthochlorines appeared to correlate with the potency of the compounds tested (Fig. 5a, b) , with non-ortho PCB showing no effect at all up to concentrations of 40 µM. The 2-and 3-ortho PCBs affected migration most efficiently, as they reduced migration by ≥ 80% at non-cytotoxic concentrations. Within the group of mono-ortho PCBs, the efficacy appeared to be reduced with an increasing degree of chlorination (Fig. 5a, b, Fig. S4, 5) .
To confirm the cMINC data, cell tracking was performed for several of the congeners. All tested ortho-chlorinated PCBs significantly reduced cell speed by > 40% (Fig. 5c) , while the non-ortho chlorinated PCB169 had no effect.
These data are in line with those obtained earlier (Fig. 1 ), but the few tested concentrations (lower throughput than the cMINC) did not reveal striking differences in efficacy. The most parsimonious and robust SAR-model supported by both assays is that "at least one ortho-chlorine is required for PCBs to inhibit NCC migration".
Comparison of PCB effects on NCC migration with other PCB SARs
Having established a SAR for migration, we followed the strategy outlined in Fig. 4d and searched for a feature that has the same SAR. For this purpose, a binary classification (active/inactive) was used to calculate the correlation of various features with cMINC data (Fig. 6a) . First, we checked, whether simple physico-chemical descriptors (apart from biphenyl bond rotation angle and related parameters) indicated active or inactive PCB. However, molecular weight (MW), hydrophobicity (logP), apolar desolvation and polar desolvation energy did not differ significantly between the active and inactive PCBs (Fig. S6) .
Next, we searched in the literature for data sets describing the effects of planar (non-ortho chlorine) vs non-planar (ortho-chlorine) PCBs on different receptors and cellular processes to calculate the correlation with cMINC data (Fig.  S7) . To complement the legacy data that showed sometimes large heterogeneity between assays and studies, we selected a subset of compounds for direct comparative measurements (Fig. S8) . For generation of these data, reporter assays on the basis of luciferase expression in CALUX cells were used (Garrison et al. 1996; Sonneveld et al. 2005; van der Burg et al. 2015 van der Burg et al. , 2013 van der Linden et al. 2014 ). All reporter constructs were integrated in the same cell line to allow comparison not only within assays, but also across different endpoints (Fig. 6b) . Testing of PCBs in the CALUX system confirmed that concentrations up to 10 µM were relatively well tolerated by cells. Moreover, measurements of two stress responses (endoplasmic reticulum stress and AP-1 activation) (van der Burg et al. 2013) showed that PCBs trigger such responses only at cytotoxic concentrations, but not in the non-cytotoxic range (Fig. S8) . Thus, receptor activation information in our data set is most likely specific and independent of general cell toxicity.
The SAR on AhR activation and CYP1A induction reported in the literature (Al-Salman and Plant 2012; Hestermann et al. 2000) clearly did not match the SAR on NCC migration. Planar, non-ortho chlorinated PCBs are known to activate the AhR (Safe 1994) , and these congeners were inactive on NCC migration. Our own data confirm the large activity difference (1000-fold) between highly potent (sub-nanomolar) planar and less potent non-planar PCB on CALUX cells (Fig. S8) . Notably, these measurements also show that some (but not all) ortho-chlorine PCBs may Fig. 3 Distribution of PCB in the culture dish. A PCB-solution (5 µM) in cell culture medium was prepared in a low-absorbance vial, and its actual PCB content quantified and taken as 100% reference value. Then, this solution was added to cell culture wells that were otherwise empty or that contained NCC under standard assay conditions. After 3 or 24 h, samples were taken from the medium and assayed for PCB content. From the values obtained, the fractions of PCB absorbing to plastic (corresponding to the loss in dishes not containing cells), or accumulating in cells (difference of theoretical PCB content and the sum of content in supernatant and on plastic) was calculated. An example for reading the data is given for the 3 h incubation with PCB118: of the 5 µM added, about 47% were recovered from the cell supernatant (remaining concentration of 2.3 µM), 46% of the toxicant adsorbed to plastic and about 7% was accumulated in cells. The experiment was performed three times and means ± SD are shown activate the AhR in the submicromolar concentration range. Concerning the NCC, we found that migration-inhibiting non-planar PCBs did not increase CYP1 (downstream response of AhR activation) expression in NCC (in contrast to planar PCBs) (Fig. S3A) .
The reported SAR for RyR binding and activation (Fritsch and Pessah 2013; Pessah et al. 2006 ) showed a good correlation with the NCC migration SAR. But as RyR agonists and antagonists did not affect NCC migration (Fig. 4b, c) , RyR is unlikely to be the MIE for migration-inhibition in NCC.
Concerning nuclear receptors for steroids, several PCB SAR studies have been performed. Data are available for the AR, ER, THR, PXR and constitutive androstane receptor (CAR) (Al-Salman and Plant 2012; Hamers et al. 2011; Tabb et al. 2004) . Literature and our own data on AR antagonism correlate well with cMINC data, while ER and related targets showed a poor correlation. AR antagonism was considered to be unlikely as MIE here, as stimulating ligands of the AR were not present in the test system. The same applies to PR antagonism. Concerning THR and retinoic receptors, Fig. 4 Exploration of various signaling pathways as potential mediators of PCB toxicity to NCC. a Polychlorinated biphenyls (PCB) must lead to the observed functional change of NCC (i.e., lost capacity to migrate, as the adverse outcome (AO) relevant for developmental and reproductive toxicity) via some molecular action. Thus, we have to assume the triggering of some defined molecular initiating event (MIE) and subsequent key events (KE) that then lead to the AO. The graphical representation indicates how suspected MIE/KE may be probed by interventions with well-defined tool compounds. b Probing of suspected MIE/KE: NCC were used in the standard cMINC setup. Instead of PCBs, various inhibitors (−) and activators (+) of receptors were tested. The targets included the aryl hydrocarbon receptor (AhR), the ryanodine receptor (RyR), the thyroid hormone receptor (THR) and the retinoid-X receptor (RXR). Viability (open triangle) and migration (gray bars) are normalized to untreated controls. TCDD: 2,3,7,8-tetrachloro-dibenzodioxin. Data are expressed as means ± SD from ≥ two independent experiments. c Effect of inhibitors of suspected receptors on inhibition of NCC migration (cMINC) triggered by PCB180 (5 µM). Inhibitors where applied 1 h before PCB180. Test readout was after 24 h of PCB treatment. Viability (open triangles) and migration (blue bars) are normalized to untreated controls. RAR retinoic acid receptor. Data are expressed as means ± SD from two independent experiments. d Graphical representation of an alternative strategy to identify a mode-of-action (or at least one relevant MIE/KE) that is responsible for altered migration of NCC upon PCB exposure. Briefly, the approach would be based on the use of multiple PCBs and establishment of a structure-activity relationship (SAR) with respect to migration. This would then be compared to the SAR of PCB with respect to various suspected KE. If a sufficiently large number of PCB is chosen, then the overlap of the two SAR would be strongly suggestive of the respective KE being relevant to the AO (altered migration). (Color figure online) All data are normalized to those of untreated controls. For better visual comparison, the horizontal gray dotted line was plotted at 100%; the vertical gray dotted line is at 2 µM. Data are expressed as means ± SD from three independent experiments. Chemical structures are indicated with chlorine residues marked in purple (ortho position) or green (meta and para positions). b Overview of the effects of all tested PCBs on viability and migration. A log-logistic function with constraints was fitted to the concentration-response data of 26 PCBs. From these curves, the EC50 of migration and the % migration at the EC90 of viability were determined and plotted against one another. For some PCBs, the EC90 of viability was not reached; in these cases, the migration at the highest tested concentration is shown. The color-shaded fields indicate areas of the scatterplot that are likely to harbor non-ortho PCB, mono-ortho PCB, di-ortho PCB, etc. c Effects of selected PCBs on individual cell speed. Time-lapse video microscopy was performed during the toxicant exposure, and the migration track of individual cells was identified. For each treatment condition, 8-12 individual cells were tracked and each cumulated travelled distance was normalized to the solvent control. Data from two biological replicates were pooled. The box represents the first and third quartiles, the black line the median (number given in the rectangle). The color code indicates the number of ortho-chlorine substituents. Statistical significance of differences between treated and non-treated conditions was calculated using a Wilcoxon rank sum test. Statistical indicators are given below the boxes: ***p < 0.001. (Color figure online) Fig. 6 Correlation of biochemical features of PCB with NCC toxicity. a Schematic representation of feature comparison. In a first step, a large group of PCBs is characterized as being active or inactive concerning effects on NCC migration. In a second step, literature data are obtained for the same PCB concerning various features that relate to a key event of a toxicity pathway/adverse outcome pathway (e.g., activation of the estrogen receptor). In the third step, the correlation of NCC activity and key events is examined for several candidate features (here shown as X, Y, Z, with correlations for the examples being indicated below). b A binary classification scheme was chosen to examine feature correlation. For each feature (with literature references indicated), it was determined, how many (#) ortho PCB or non-ortho PCB were active or inactive. The correlation score (here called 'correct SAR') was calculated as: 100 × (#inactive non-ortho + #active ortho)/total # of PCB tested. The extent of correlation was color-coded (red: very good; blue: very poor). Abbreviations/feature definitions: AhR binding, binding to the aryl hydrocarbon receptor; Cyp1A1, cytochrome P4501A1; EROD activity, inhibition of cytochrome P450 (mainly Cyp1A family) enzymatic activity; RyR ryanodine receptor; AR, androgen receptor, ER estrogen receptor; E2SULT, estradiol sulfotransferase, TTR transthyretin, PXR pregnane X receptor, CAR constitutive androstane receptor, DAT dopamine transporter, GJ gap junctions. figure online) A B the SAR correlated poorly, and our functional data also did not support a role of these receptors (Fig. S3, Fig. 6 ). The same applies to the vitamin D receptor (VDR), for which we measured the induction. Several PCBs increased VDR expression levels, but since two non-ortho PCBs were active, while the three mono-ortho PCBs were inactive, we concluded that the VDR is not a likely MIE in NCC (Fig. S3C) .
The SARs for CAR and PXR activation were very similar as the one for NCC migration (Fig. 6, Fig. S7, Fig. S8 ). This may be worth some further exploration in the future, but for the present study, we considered the likelihood of e.g., PXR being the MIE responsible for impaired migration as low. This is based on measurements of the expression level of the receptor on mRNA level: no transcripts were detectable in NCC (data below detection limit; not shown).
Several SARs for interference with the dopamine system have been reported (Mariussen et al. 2001; Shain et al. 1991; Wigestrand et al. 2013) , all of them with good overlap to the SAR of NCC migration (> 90% overlap). We ranked the likelihood of this mechanism as MIE as low, as NCC neither express tyrosine hydroxylase for synthesis of dopamine, nor do they express dopamine transporters (Zimmer et al. 2012) .
Finally, PCBs are known to interfere with gap junctional intercellular communication (GJIC). Two studies reported a SAR, and in both cases, there was a high overlap (> 95%, only one mismatch) (Fig. 6) . As NCC are known to express high levels of the gap junctional protein Cx43, and as GJIC is a well-established NCC feature (Boot et al. 2006; Huang et al. 1998; Li et al. 2007; Ruangvoravat and Lo 1992) , we further investigated this hypothesis (see below).
Our approach of comparing SAR for different processes has several obvious weaknesses. Even though we did not match the numbers of actives and non-actives or weighted the data according to their uncertainty level, this coarse approach yielded some useful information that allowed ranking of likely candidate targets for PCBs, concerning causal involvement in cMINC effects. The GJIC was an initially surprising correlation, but considering all background information, it was regarded possible and sufficiently plausible to be further investigated.
Investigation of gap junctional intercellular communication as target of PCB
To measure GJIC in NCC, dye-transfer among neighboring NCC was assessed using the 'parachute assay' (adapted from Lecanda et al. 2000) . NCC were cultured under standard cMINC conditions and treated with the PCBs for 24 h (Fig. 7a) . Three hours before read-out, calcein-loaded (but otherwise untreated) donor NCC were parachuted (dropped as single cells) on top of the treated (acceptor) cultures (Fig. 7b) . The assay is based on the fact that calcein spreads from donor to acceptor cells within 3 h, if GJIC is functional.
The extent of dye-transfer into the acceptor layer was quantified using high-content imaging (Fig. 7c) . Using this setup, the well-established GJIC blocker carbenoxolone showed the expected inhibitory effect (Fig. 7d) . Additionally, PCB180 was found to strongly inhibit dye-transfer of NCC: only about 2% of donor cells spread their dye to PCB-treated acceptors. Altogether 26 PCBs were tested using this assay. Indeed, the non-ortho PCBs did not inhibit GJIC, while 11 of the ortho-chlorinated PCBs were efficient GJ inhibitors. However, 12 of the 23 migration-inhibiting PCBs did not inhibit GJIC (Fig. 7d) . Obviously, the SAR concerning GJIC did not correlate well with inhibition of migration, and GJIC was therefore discarded as KE for migration-inhibition by PCBs.
In NCC, block of gap junctions may only occur with highly chlorinated PCBs, as the effect was observed with all compounds that had ≥ 2 ortho-chlorines plus ≥ 2 metachlorines (with one exception to that rule). The biochemical basis for this effect is unclear at present, but it may be linked to the higher hydrophobicity of these compounds. This may favor other interactions than those to the primary gap junction proteins (connexins). It is firmly established in the field of GJIC, that many effectors do not bind to connexins themselves, but rather affect their localization and post-translational modifications indirectly (Willebrords et al. 2017) . For this reason, we still investigated other endpoints (e.g., gap junction protein localization) connected to gap junction structures.
Changes in Cx43 localization as target of PCB for inhibition of NCC migration
Cx43, the major connexin expressed in NCC, has been reported to affect NCC migration independent of its role in GJIC (Francis et al. 2011; Xu et al. 2001 Xu et al. , 2006 . To investigate whether PCBs may affect Cx43, we used immunocytochemical methods to investigate whether the toxicant affected protein localization. Confocal imaging revealed that Cx43 is localized mainly to the cell membrane and the Golgi. In untreated NCC, membranal Cx43 was mainly assembled in plaques (Cx43pq), visible as bright spots on confocal images. Upon treatment with PCB180, the Cx43pq dissolved: Cx43 distributed more homogeneously along the cell membrane, and more of the protein seemed to be localized to the Golgi compared to controls (Fig. S9) . Moreover, in silico docking and binding affinity prediction methods suggested that PCB180 and PCB153 bind with slightly higher affinity (39-40 kJ/mol) to Cx43 than, e.g., the planar PCBs 77 and 126 (35-36 kJ/mol). For this reason, we felt that this should be explored further, and we established a high-content imaging assay for Cx43pq quantification.
Our approach was based on immunofluorescence staining of NCC layers for Cx43. A thresholding plus segmentation algorithm was used to identify small, highly fluorescent protein dots. The number of these dots per image field was quantified (Fig. 8a) . Using this assay, we found that the gap junction blocker carbenoxolone quickly (within 2-3 h) reduced the Cx43pq, and the same effect was observed with the migration-inhibitory PCBs 180 and 118 within a similar . a Quantification algorithm of Cx43pq. Cells were stained (H-33342) for DNA (blue nuclei) and connexin43 (red) and imaged on an epifluorescence microscope. The connexin43 channel was thresholded to only display the brightest pixels (> 80% of maximal intensity, displayed here in inverted mode), followed by a segmentation and size (area) filtering of the bright spots (here displayed in black). Objects of < 10 pixels size were scored (= valid objects). For visualization, the valid objects (red) were overlaid on the greyscale connexin43 image. b Example for toxicant-induced changes in the number of Cx43pq (small bright dots). Cells were seeded on glass bottom plates under cMINC assay conditions. They were exposed to test compounds for the times indicated, before they were fixed and stained. Then, the quantification procedure detailed above was applied, and data were normalized to solvent controls. c Quantification of Cx43pq upon treatment with various concentrations of exemplary toxicants. The experiment was performed as in b, but all quantifications were performed after 3 h. d Graphical representation of the experimental setup for the Cx43pq assay: Cells were seeded on glass bottom plates under cMINC conditions, and Cx43pq were quantified at 3 h after toxicant exposure. e Following the above exposure scheme, three planar and 22 non-planar PCB were tested for reduction in Cx43pq. The gray zone indicates the noise level (= 1 SD) of solvent controls. Data are expressed as means ± SD from two independent biological experiments. (Color figure online) time scale and to the same extent (Fig. 8b) . This fast effect of PCBs is well in line with our observations from cell tracking, that PCB treatment slowed down cell movement within few hours. GJIC-independent effects of Cx43 that could be affected are, e.g., the role of the protein for the stability of leading processes of migrating cells (Elias et al. 2007 ).
Recording of concentration-response curves revealed, that the reduction of Cx43pq follows the same concentration dependency as inhibition of migration in the cMINC. For instance, the 4-ortho chlorinated PCB104 was more potent than PCBs 180 and 118 (Fig. 8c) . Encouraged by these findings, our whole set of PCBs was screened in the Cx43pq assay at a fixed time point (3 h) (Fig. 8d) .
All migration-inhibiting PCBs reduced Cx43pq, whereas the three non-ortho PCBs did not have an effect (Fig. 8e) . Thus, the observed SAR for Cx43 localization was identical to the SAR for NCC migration-inhibition. This is not necessarily due to direct binding of PCB to Cx43, as in silico estimation of binding energies of all PCBs to Cx43 did not reveal a correlation between predicted affinities and inhibited migration or reduced Cx43pq (not shown). Nevertheless, the correlation of the SAR across compounds between cMINC results and the Cx43pq assay (Fig. 9 ) was statistically significant (p < 0.0004 for a random association), so that we concluded Cx43 mislocalization represents an early KE involved in the PCB-induced inhibition of NCC migration.
Discussion
We tested PCBs, as a group of environmentally relevant toxicants, and found that all tested ortho-chlorinated PCBs inhibited NCC migration, whereas non-ortho chlorinated, dioxin-like PCBs were ineffective. As investigation of several pathways known to be targeted by PCBs did not reveal the mechanism of migration-inhibition, we employed a new strategy and established a SAR for migration-inhibition and compared it to the literature data. According to the literature, GJIC appeared initially as a process that might explain the effects of PCB on NCC migration, but the SAR for GJIC had only an overlap of 50% with the SAR for migration-inhibition (Fig. 9) . However, examinations of GJIC let us consider Cx43 localization. The SAR for this feature was identical to the one for migration-inhibition. Therefore, Cx43 localization seems to be a mechanistic step tightly linked to NCC toxicity of PCBs.
Previous studies found that PCB153 reduces localization features of Cx43 at the plasma membrane of epithelial cells (Kang et al. 1996; Simeckova et al. 2009 ). In the present study, we found that all tested ortho-chlorinated PCBs reduced Cx43pq in human NCC. Our observations do not provide proof that Cx43 mislocalization is causing the observed inhibition of migration, but the probability that the two SARs would overlap completely by chance is < 0.0004.
To our knowledge, there are no other reports about Cx43 mislocalization in the context of migration-inhibition. However, several studies have reported that knock-down or knock-out of Cx43 reduces migration of NCC (Huang et al. 1998; Xu et al. 2006 ) and neural cells (Cina et al. 2009; Elias et al. 2007; Fushiki et al. 2003; Wiencken-Barger et al. 2007) . Several studies also concluded that Cx43 affects NCC migration in a GJ-independent manner (Francis et al. 2011; Xu et al. 2001 Xu et al. , 2006 . The C-terminal tail of Cx43 was reported to be important for promoting migration in neural cells (Bates et al. 2007; Behrens et al. 2010; Cina et al. 2009; Crespin et al. 2010; Elias et al. 2007 ). Francis et al. (2011) showed, that NCC expressing a Cx43 variant lacking the C-terminal tubulin-binding domain (Cx43ΔT) tend to migrate less. Other studies with NCC and other cell types concluded, that Cx43 knock-out cells fail to realign their microtubule organizing center and Golgi in the direction of migration. Additionally, loss of stabilized microtubules and alterations in the actin skeleton were observed (Francis et al. 2011; Rhee et al. 2009; Xu et al. 2006 ).
The present experiments do not allow conclusions on whether Cx43 is the primary target of PCBs in NCC, and whether the reduction of Cx43pq is causal to the adverse outcome of reduced migration. Alternatively, reductions of Cx43pq may be a biomarker for another, yet unknown KE triggered by PCBs. For example, blocking of cell adhesion Fig. 9 Overview of structure-activity relationships of PCBs. The tested PCB had similar effects on migration and on connexin43 plaques (Cx43pq; 100% correlation). A high correlation with reduced cell speed was also observed (but only about half of the compounds were tested). In contrast to this, inhibition of gap junction communication (parachute assay) did not correlate well with migration or with Cx43pq or knock-out of ephrin-B1 can lead to relocation of Cx43 (Davy et al. 2006; Guo et al. 2003) . Moreover, Cx43 can bind to the tight junction protein ZO-1, and interaction with ZO-1 can affect GJ plaque size, trafficking and turnover of Cx43 (Giepmans and Moolenaar 1998; Hunter et al. 2005) .
At present, it is not entirely clear how PCBs lead to the reduction of Cx43pq, and whether it is likely that they bind directly to Cx43. Our in silico docking studies did not find a clear correlation of calculated PCB-Cx43 binding energies and neither migration or plaque formation. Although this approach is associated with several uncertainties, it suggests that it is likely that other or additional targets are affected by PCB in NCC. Such alternative binding partners could lead to a reduction of Cx43pq either by promoting transport away from the membrane or by attenuating the transport to the membrane. In the first scenario, either internalization and degradation via lysosomes, or proteasomal degradation, leading to destabilization of phosphorylated Cx43 at the membrane or endoplasmatic reticulum-assisted degradation might be enhanced (Laird 2005; Qin et al. 2003; Simeckova et al. 2009 ). In the second scenario, less protein production or less protein transport to the membrane could be the cause. Moreover, Cx43pq could be reduced if Cx43 is present at the membrane, but not assembled in plaques.
In our experiments, there was no evidence for disturbed protein production. Firstly, mRNA levels of Cx43 were not affected by PCB treatment (Fig. S10B) . Secondly, in immunofluorescent stainings, Cx43 was clearly visible, but seemed to be more accumulated in the Golgi, particularly after longer treatment periods (data not shown). These data rather indicate that transport could be disturbed or endoplasmatic reticulum-assisted degradation could take place. As cell function control, we measured membrane protein sialyation, a process that requires the functioning of protein synthesis, and several complex processing and intracellular translocation steps. PCB exposure did not affect localization or abundance of glycoproteins (Fig. S1) . Moreover, two inhibitors of protein processing and transport (brefeldin A, tunicamycin) did not appear to decrease Cx43pq (data not shown). These results indicate that PCB treatment does not affect transport of proteins and lipids in general. But we cannot rule out that PCBs affect specifically transport of Cx43 to the membrane.
Other studies report that PCB153 does not affect the mRNA level of Cx43 but reduces the level of phosphorylated Cx43 in epithelial cells (Bager et al. 1997b; Kang et al. 1996; Simeckova et al. 2009 ). Phosphorylation of Cx43 is involved in its turnover and subcellular localization (Guo et al. 2003; Laird et al. 1995) . Simeckova et al. (2009) suggest that PCB153 disturbs protein transport to the plasma membrane, as PCB-treated cells recovering from brefeldin A treatment take longer to restore GJIC. Moreover, they suggest that the lysosomal pathway is involved in PCB-induced degradation of Cx43. Whether these processes are also relevant for NCC, and whether they play a role for the effect of PCB on their migration, requires an extensive and meticulous follow-up study.
Are there mechanistic explanations for our observation that all ortho-PCBs reduced Cx43pq, but only some inhibited GJIC? In this context, it should be noted, that our SAR for GJIC -based on 26 PCBs with varying chemical properties-differs from the two reported SARs in the literature (Hamers et al. 2011; Hemming et al. 1991 ). This is not entirely unexpected, as SARs for such complex endpoints like migration and GJIC may be cell-specific. For instance, some PCBs may have direct targets within GJ of all cell types, while a subgroup of PCBs may affect cell-specific pathways or protein complexes that impact then on GJIC as downstream process. Both published studies used a rat liver epithelial cell line (WB-F344) to evaluate altogether 39 PCBs. In contrast to us they found that all (except for PCB189) ortho-chlorinated PCBs inhibited GJIC (Fig. S7) .
When comparing SAR for different cell types, it should be considered that GJIC is only blocked if all (or most) GJ are blocked, and that the outcome of the tests depends on the sensitivity of the assay and on how the threshold for inhibition of GJIC is defined. For block of GJIC in NCC, this would mean that Cx43-based GJ, and also some others, need to be blocked. NCC express at least one other connexin, Cx45 (Fig. S10A) . It is possible that some orthoPCBs inhibit GJ of both connexins, and thus block GJIC in NCC. Other ortho-PCBs may interfere only with Cx43. This would explain why the SAR of GJ inhibition and Cx43 localization differ. Finally, it is important to consider, whether the immunopositive spots identified by our immunostain truly represented Cx43. We are convinced that the spots are indeed Cx43, because the observed localization at the membrane and in spots matches exactly with what has been reported for Cx43 (Langlois et al. 2010; Lemcke et al. 2013; Simeckova et al. 2009 ). Moreover, we tested two different antibodies and both resulted in the same pattern. The antibodies stained three bands at 37-40 kDa in Western blots, exactly what is reported for Cx43 (Fiorini et al. 2008; Guan and Ruch 1996; Kang et al. 1996; Matesic et al. 1994) . Quantification of Cx43 levels by Western blotting showed that NIH-3T3 cells expressed high levels (consistent with earlier publications), while MDA-MB-231, HEK293 and Hela cells expressed very low levels (data not shown). These data suggest that the presence of Cx43 as such is not sufficient to allow PCB toxicity (in NIH-3T3 cells). The cells need to express the machinery regulating the re-localization of Cx43 upon PCB exposure, and they also need to express the machinery that translates the change in Cx43 distribution to an altered migration capacity. All three conditions seem to be fulfilled only in NCC.
To summarize, the present study revealed that ortho-chlorinated PCBs are strongly migration-inhibiting for human NCC and that the effect is closely correlated to a mislocalization of Cx43. To the best of our knowledge, this is the first report of migration-inhibition by non-planar PCBs. It also appears that the effect is limited to NCC or to only few cell types, as typical cell lines did not react to the tested PCBs. By testing a set of PCBs and establishing a SAR for NCC migration-inhibition, we could compare to SARs available in the literature and came up with a possible mechanism.
Notably, exploration of this comparative SAR approach for mechanistic and investigative toxicology was the main intention of this study. In this context, it should be noted that the effects observed here in vitro occur at micromolar concentrations (or marginally lower, if plastic adsorption is considered). They are thus rather not relevant for general environmental exposure of the population. Such levels would rather reflect special cases such as accidental or intentional human poisoning, or exposure of small subgroups of subjects in exceptional work situations (Pierucci et al. 2017; Ziegler et al. 2017 ). The mechanism identified here for such a focused scenario may apply more broadly to other toxicant classes relevant for human safety. The two NCC migrationinhibitors DDT and dieldrin were found to reduce Cx43pq in other cell types (Kang et al. 1996) and are thus candidates for further investigations in our model system. Although our SAR is relatively extensive, further extensions could provide new information. For instance, PCBs with very low chlorination state have not been considered here, and neither have non-ortho chlorinated PCBs that are not dioxin-like.
A straightforward way for validation of the in vivo relevance of our study results would be comparison to the respective effects in animal models. One would imagine that such data should be available, as this group of compounds has been studied intensively. However, most data were obtained on PCB mixtures, and nearly all studies on individual compounds used planar PCBs. We could not find any in vivo study on non-planar PCBs in appropriate concentrations. It would be highly interesting to obtain such data, for example, using zebrafish, a model species in which NCC can express fluorescent proteins that allow monitoring of migration. Offspring could be analyzed for craniofacial malformations, disorders of the peripheral or enteric nervous system or behavioral abnormalities (as NCC build the adrenal medulla). If the NCC migration-inhibiting effect is as strong in vivo as observed in our in vitro experiments, the treatment could result in embryonic lethality.
A future extension of the SAR approach explored here could be to use transcriptome data, instead of published findings. Since PCBs are likely to induce many transcriptome changes, a large number of congeners would need to be tested to identify consensus changes that correlate with a phenotypic adverse effect. This way, noise could be filtered from signal in transcriptome data sets. This would probably not have been possible by use of classical transcriptomics technology, as used in one of our previous studies (Pallocca et al. 2017) due to limiting resources. However, new highthroughput transcriptomics approaches (Yeakley et al. 2017 ) make this approach possible, for instance in the context of the EU-ToxRisk project (Daneshian et al. 2016) . Thus, the double-SAR strategy to find a mechanistic step tightly linked to NCC toxicity of PCBs, could become a general tool for identification of toxicity mechanisms.
